animal research might provide essential information, it cannot encompass the complex interplay of genes with the human environment. For complex human traits, there is an increasing recognition of the need to understand population genetics and the biometrical properties of human traits, so that phenotypes can be defined in a way that maximizes the chances of successful gene mapping 4 . In this review, we discuss how twin studies can help in this endeavour.
We aim to draw the attention of the reader to the enormous potential for research on the genetics of complex traits that lies in the established twin registers. Some of them have existed for decades and have carefully collected LONGITUDINAL DATA on behavioural traits, diseases and environmental risk factors in large samples of twins and their families. By facilitating comparisons between monozygotic (MZ) and dizygotic (DZ) twins, twin registers represent some of the best resources for evaluating the importance of genetic variation in susceptibility to disease. They are also an excellent resource for studying the significance of the GENOTYPE × ENVIRONMENT INTERACTION (for example, lifestyle; see the section on 'Improvements in analysis' for further discussion) and of the contribution of specific polymorphisms to the total genetic variance. Nevertheless, these facts, and the existence of twin registers, remain to be appreciated fully by the wider community of genetic researchers.
Recent advances in genetics, such as the completion of the human genome sequence, an increased understanding of sequence variants, the availability of low-cost genome-wide tools to monitor these variants and the development of powerful multivariate statistical tools, have opened new avenues of investigation in human genetics. There is a danger, however, that the usefulness of these tools is limited when applied to human complex traits. ASCERTAINMENT BIAS, problems with phenotypic assessment, lack of follow-up of the phenotypes over time and environmental noise that can arise, for example, from developmental variation, might all contribute to making the genes that underlie complex, multifactorial traits and diseases in humans difficult to identify. During the past decade, considerable effort has been devoted to whole-genome screens to detect QUANTITATIVE TRAIT LOCI (QTL) for complex traits and diseases. The success of linkage studies to map genes of unknown function, and LINKAGE-DISEQUILIBRIUM studies that are aimed at establishing the association between a particular genetic polymorphism and a disease, are considered by some researchers to have been limited (for example, see REFS 1, 2) . But others, such as Korstanje and Paigen 3 , find this pessimistic view premature. Instead, they offer a more optimistic view by summarizing the acceleration in gene identification from mammalian QTL in the past ten years -for example, Crohn disease in humans, blood pressure in rats and diabetes in mice. Although 
CLASSICAL TWIN STUDIES AND BEYOND
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Twin studies have been a valuable source of information about the genetic basis of complex traits. To maximize the potential of twin studies, large, worldwide registers of data on twins and their relatives have been established. Here, we provide an overview of the current resources for twin research. These can be used to obtain insights into the genetic epidemiology of complex traits and diseases, to study the interaction of genotype with sex, age and lifestyle factors, and to study the causes of co-morbidity between traits and diseases. Because of their design, these registers offer unique opportunities for selected sampling for quantitative trait loci linkage and association studies.
. The systematic analysis of similarity between MZ and DZ twins was introduced by Siemens, a dermatologist, who formulated the twin rule of pathology: any heritable disease will be more CONCORDANT in identical twins than in non-identical twins, and concordance will be even lower in non-siblings 9 . When studying skin moles, Siemens came up with the clever idea of combining correlation analysis with twin data: he correlated mole counts in one twin with mole counts in the other twin, and compared this correlation in MZ and DZ pairs of twins. The correlation for mole count in MZ twins, who share all, or nearly all, of their genetic material was 0.4. In DZ twins, who are genetically 50% identical on average, the correlation was only 0.2. The results indicated the importance of genetic factors in variation in mole count -the greater genetic resemblance in MZ twins is associated with their greater resemblance for the phenotype under study.
Classical twin studies. As exemplified above, the classical twin study compares phenotypic resemblances of MZ and DZ twins. MZ twins derive from a single fertilized egg and therefore inherit identical genetic material. Comparing the resemblance of MZ twins for a trait or disease with the resemblance of DZ twins offers the first estimate of the extent to which genetic variation determines phenotypic variation of that trait. If MZ twins resemble each other more than do DZ twins, then the heritability (h 2 ) of the phenotype can be estimated from twice the difference between MZ and DZ correlations. For example, typical MZ and DZ correlations for depression are about 0.4 and 0.2 (REF. 10 ), and therefore heritability is estimated at ~40%. A different pattern of correlations is usually observed for lifestyle factors, indicating the importance of the shared family environment. For taking up smoking during adolescence, typical MZ and DZ correlations are 0.9 and 0.7, respectively (REF. 11 ), leading to a heritability estimate of 40%, but also indicating the importance of a shared environment. The proportion of the variance that is due to a shared environment is the difference between the total twin correlation and the part that is explained by heritability. That is, r MZ -h 2 in MZ or r DZ -h 2 /2 in DZ twins, where r MZ is the correlation between MZ twins and r DZ is the correlation between DZ twins. For the trait of taking up smoking, this estimate is ~50% (0.9-0.4 in MZ or 0.7-0.2 in DZ twins). The application of this type of analysis has led to substantial changes in the way we think about the determinants of health and disease, and the causes of individual differences in normal and abnormal behaviour. During the past decade, a shift has taken place from strict environmental explanations to a more balanced view that recognizes the importance of genes 12 -for example, in autism and in attentiondeficit hyperactivity disorder (ADHD) in children 13, 14 , or in the development of dependence on alcohol and other drugs 15, 16 (FIG. 2) .
To disentangle and to quantify the contributions that genes, the shared environment, the individual-specific environment and their interactions make to human complex traits, we need data from relatives who are genetically related, but who grow up in unrelated environments (the so-called 'twin adoption design'), or relatives who grow up in similar environments but are of differing genetic relatedness (the so-called 'twin design'). If the exposure to environmental risk factors can be assessed, these designs also make it possible to quantify the effect that the genotype × environment interaction has on shaping a particular trait. Recent advances in statistical modelling allow simultaneous analysis of many variables in relatives such as MZ and DZ twins. These advances also make it possible to carry out new types of analysis -such as the MULTIVARIATE ANALYSIS of causes of co-morbidity between disorders, the analysis of the development of childhood psychopathology over time, the inclusion of COVARIATES in linkage analyses, and the estimation of HERITABILITY and linkage that are conditional on the exposure to environmental risk factors. All these improvements in data analysis and the possibilities of new types of analysis have, in turn, led to the establishment of large registers of twins that no longer focus on the assessment of a single phenotype, but collect a wide range of traits and environmental factors in twins, as well as in their family members.
Here, we focus on the use of data from twins and their families in epidemiological and molecular-genetic studies. We draw attention to a large resource for such studies and provide an overview of the most important features of twin registers worldwide. But first, we briefly introduce the classical twin designs and contrast them with some of their recent extensions.
Types of twin study design
Twins have always captured our curiosity, researchers and artists alike (FIG. 1 
The influence of specific combinations of genetic and environmental factors on a trait that goes beyond the additive action of these factors. It refers to genes that control sensitivity to the environment, or the environment that controls gene expression.
MULTIVARIATE ANALYSIS
The simultaneous inclusion of two or more (dependent) variables in one analysis, for example, in estimating the genetic correlation of birth weight with blood pressure.
COVARIATE
In a multivariate analysis, a variable with known effects that is used to test the effect of the main variables that are independent of those known effects. The inclusion of age in studies of age-dependent traits is a simple example.
HERITABILITY
The proportion of the total phenotypic variation in a given characteristic that can be attributed to additive genetic effects. In the broad sense, heritability involves all additive and non-additive genetic variance, whereas in the narrow sense, it involves only additive genetic variance.
CONCORDANCE
The occurrence of the same trait in both members of a pair of twins. Concordance might occur for diseases as well as for behaviours, such as smoking. www.nature.com/reviews/genetics R E V I E W S have missing data. The latter often arises in longitudinal studies. SEM can accommodate the analysis of gender differences in heritability estimates through the simultaneous analysis of data from male and female MZ and DZ twins. It is possible to test whether the same genes are expressed in males and females by including DZ twins of opposite sexes. If the resemblance between twins of opposite sexes is less than expected on the basis of the heritability in males and females, then this indicates that different genes might influence the same trait in the two sexes. Similarly, heritability that is conditional on environmental exposure can indicate the presence of a genotype × environment interaction 21 . This interaction can be detected by including environmental measurements on the basis of which the twin sample can be stratified. For example, Heath et al. 22 found that heritability for depression in married women was lower than in unmarried women.
Evidence for the effect of the genotype × environment interaction on personality comes from a study in Dutch adolescent twins, in which it was shown that a religious upbringing greatly reduces the influence of genetic factors on DISINHIBITION, a trait that closely resembles 'novelty seeking' and that is associated with substance use and abuse 23 .
Improvements in analysis.
The quantitative traits that have been assessed in MZ and DZ twins have traditionally been analysed using ANALYSIS OF VARIANCE and INTRA-CLASS CORRELATIONS to summarize twin resemblance (for example, see REF. 17 ). This approach, however, cannot accommodate the effect of gender on variances and covariances of twins of opposite sexes. STRUCTURAL EQUATION MODELLING (SEM), also known as covariance modelling, is a more general alternative approach, in which genotypic and environmental effects are modelled as the contribution of unmeasured (latent) variables to the potentially multivariate phenotypic differences between individuals 18 . The latent factors represent the effects of many unidentified influences. For a genetic factor, these effects are due to a potentially large, but unknown, number of POLYGENES. The contributions of the latent variables are estimated as REGRESSION COEFFICIENTS in the LINEAR REGRESSION of the observed variables on the latent variables. Several widely available software programs, such as LISREL 19 or Mx 20 allow the estimation of parameters by using NORMAL THEORY MAXIMUM LIKELIHOOD and WEIGHTED LEAST SQUARES. A useful estimator in the Mx program is the raw data likelihood estimator, which handles data from selected samples and from studies in which part of the sample might ANALYSIS OF VARIANCE (ANOVA). A statistical method to test the null hypothesis that the mean values of two or more groups are equal. The variance around the means in groups is compared with the variance of the group means. In genetic applications, the variance between families is compared with the variance within families. A significant F-ratio implies that variance between families is larger than within families.
INTRA-CLASS CORRELATION
A statistical measure for the strength and direction of resemblance between two variables (or two family members). It can vary between −1 and +1. Intra-class correlation refers to the correlation in defined subgroups -for example, in monozygotic or dizygotic pairs -and can be derived from ANOVA as t = (F − 1)/(F + 1). (18) Heart rate (17) Testosterone (17) Smoking <yes/no> (18) Birth weight (0)
Problem behaviour <internalizing> (3) Thrill and adventure seeking (18) Anxiety (18) Depression (18) Boredom susceptibility (18) Cognitive failures (17) Somatic complaints (18) Religion (18) Intelligence (5) Intelligence (7) Intelligence (10) Intelligence (16) Intelligence (18) Intelligence (27) Disinhibition (18) Neuroticism (18) Experience seeking (18) Problem behaviour <externalizing> (3) Cognitive and personality traits Cardiovascular risk factors Figure 2 | Examples of results from classical twin analysis. Percentage of variances explained by genetic factors (purple), by shared environmental factors (green), by unique environmental influences (beige) and by differences in age (blue). The phenotypes were assessed in Dutch female and male twins (and in some cases also in their parents and siblings). The number in the brackets gives the modal age of the sample in years. Phenotypes include cardiovascular risk factors, and personality and cognitive traits. The heritability for a behavioural as well as cardiovascular risk factor, such as the number of cigarettes smoked per day, is nearly as high as for lipoprotein(a) levels. For personality traits and indices of psychopathology, heritability is ~50%, with a higher estimate for internalizing and externalizing problems in young children. Heritability of intelligence is age dependent and increases rapidly between 5 and 18 years of age. There are few differences in heritability between females and males. HDL, high-density lipoprotein; LDL, lowdensity lipoprotein. Modified with permission from REF. 23 © (1999) Australian Academic Press.
offspring of MZ twins who are genetically half-sibs but socially cousins 26 . The MZ-offspring design also allows for the testing of maternal effects and imprinting by comparing the offspring of male and female MZ pairs.
Multivariate designs. By generalizing the univariate twin study to multivariate designs, in which more than one phenotype per person is analysed, the causes of association and co-morbidity between traits can be investigated. Multivariate twin studies make it possible to ask questions such as: Does variation in exercise behaviour cause variation in depression, or do the traits cluster because they are influenced by a common set of genes? Or, to give another example, do symptoms of anxiety and those of depression cluster because one disorder increases the risk for the other, or is there a common genetic vulnerability? 27, 28 The answers to these questions lie in the cross-twin, cross-trait correlations in MZ versus DZ pairs of twins, such as the correlation of anxiety in one twin with depression in the other twin. Using this design, Neale and Kendler 28 and Roy et al. 29 found that co-morbidity between major depression (MD) and generalized anxiety disorder (GAD) is not due to chance or to a third independent disorder, but is probably caused by correlated susceptibilities to the disorders. The model that best explained the association of MD and GAD included a strong genetic correlation (of one) between MD and GAD, and a weak correlation with the individual-specific environment. GAD and MD therefore share genetic factors, but their environmental determinants are mostly distinct.
Co-morbidity, the occurrence of two or more disorders together, is often seen as a problem in moleculargenetic psychiatric studies. To overcome this problem, valid and objective diagnostic categories need to be established. It is important to remember, however, that a diagnostic label can be valid, without necessarily being biologically meaningful 30 . ADHD is a good example of the importance of diagnostic categories. In clinical settings,~50% of children who meet the criteria for ADHD also meet the criteria for oppositional defiant disorder (ODD) and conduct disorder (CD), and another 20-25% of children with ADHD also meet the criteria for an anxiety disorder 31 . Strategies for linkage studies of ADHD could focus on 'pure' cases (for example, children who have ADHD without any co-morbid problems of ODD or anxiety) or on distinguishing in the patient sample between ADHD cases with different co-morbid conditions. Instead of agreeing on a particular scheme before carrying out a linkage study, it might be more powerful to analyse the causes of co-morbidity in a multivariate twin design and to establish the extent to which the phenotypes that cluster share a common genetic basis. Twin registers can be extremely helpful in this respect by coming up with reliable phenotypes that can be useful in molecular-genetic studies. Again, twin studies of ADHD are an example. Todd et al. 32 found that different ADHD subtypes are influenced by different genetic factors. Moreover, the genetically distinct severe subtype also accounted for most of the comorbidity in the sample 33 . It therefore seems that
Beyond the classical designs. . Simpler versions of the fuller, extended twin studies -such as a study of youngadult twins, their middle-aged parents and a second group of middle-aged twins (that is, twins of the same age as the parents of the first group of pairs of twins) -makes it possible to assess the effect of age differences on heritability and to assess differential gene expression as a function of age. Using this design, which can be considered a shortcut for a true longitudinal study, Snieder et al. 25 obtained evidence that partially different genes influence lipid levels in plasma at different ages. This might be important information for gene-finding studies, as there might only be a limited time period during which genes that vary over the course of an individual's life can be detected. Other extended twin studies look at the STRUCTURAL EQUATION MODELLING (SEM). Also known as covariance modelling. A method that estimates regression coefficients ('parameters') between latent (unobserved) and observed variables. These estimates minimize the difference between the covariance structure of the observed data and that predicted by the model. Alternative models (such as family resemblance being due to shared genes versus shared environment) can be compared by how well they fit the data and by the number of parameters estimated.
POLYGENES
A group of genes that influence a complex trait. In contrast to monogenic traits, most traits and diseases are influenced by several genes, only a sum of which is sufficient to cause the effect. . Conversely, the detection of somatic mutation of the same gene in tumours from MZ twins, both of whom have the tumour, might be a powerful way to detect predisposition genes 39, 40 .
The use of twins in molecular-genetic studies
The concordance between MZ twins sets the upper limit on predictions of individual risk that can be made on the basis of the human genome sequence. Discordant MZ schizophrenic twins, for example, show that disease outcome can be different for two individuals with an identical genetic make-up. The same is also illustrated by MZ twins with cleft lip and palate (FIG. 3) . MZ-twin concordance therefore gives important information about disease PENETRANCE and, if MZ twins are genotyped at candidate loci, they provide information about locusspecific penetrances. For quantitative traits, an association between a particular genotype and MZ-trait differences might not only reveal the relationship between the gene and the trait, but also indicate that the gene might be a 'variability' , as opposed to a 'level' , gene. The idea of variability and level genes was introduced by Berg et al. 41 who were inspired by the study of intra-pair variance for cholesterol in MZ twins of M− or M+ blood group 42 . Level genes are considered to affect the mean expression of a trait, or prevalence in the case of a disease, and are the usual target of association studies. By contrast, variability genes need not influence trait levels; instead, they determine the extent of the influence that the environment has on the intra-individual variability.
In rare cases, MZ twins might inherit nearly, but not completely, identical genotypes. Skewed X-inactivation in female MZ twins, asymmetric transmission of mitochondria, somatic mutations and rearrangements of epigenetic signals during gametogenesis might all account for differences between MZ pairs of twins 34, 38 . Such MZ twins might be extremely informative in separate genetic vulnerabilities account for ADHD alone and for ADHD with co-morbid conditions. Pending replication, these results provide a clear indication that linkage studies without phenotypic subtyping would be struggling to deal with different genotypes that underlie a seemingly similar phenotype.
Multivariate analyses are also needed for the simultaneous modelling of phenotypes (such as depression) and ENDOPHENOTYPES or INTERMEDIATE PHENOTYPES (such as neuroticism or cortisol levels) to determine their common genetic aetiology. The power to detect linkage will only be increased through the use of endophenotypes if their association is due to pleiotropic genetic effects 34 .
Case-control studies. Twins are also useful in casecontrol studies. MZ twins offer the possibility of carrying out the ideal case-control study, as they are perfectly matched for genotype and family background. Martin et al. 35 studied vitamin C administration in one twin and a placebo in the other twin, and found that, contrary to popular belief, there was no effect of vitamin C on the common cold. Studies of the effects of fetal and infant growth on later health (the Barker hypothesis; for example, see REF. 36) in twins have looked at the differences in birth weight in MZ and DZ twins and at their association with differences in cardiovascular and metabolic parameters. Twin studies can resolve whether these associations are causal, or due to shared genetic factors. For blood pressure, it turned out that the association between low birth weight and high blood pressure in later life is mediated by common genes 37 . In a more general version of this design, MZ twins, only one of whom has a disease, are used in geneexpression studies to distinguish between genes that are related to the causes of the disease and genes that are expressed as a consequence of the disease. Alternatively, such differential expression, congruent with disease discordance, might indicate causal genes that are REGRESSION this source of data. Resources allowing, a twin collection develops into a register. To define a register, we need to take into account the necessity to maintain and extend the original sample and data collection, the sample size and range, and the sophistication of the data. For this overview, we have chosen large, population-based registers with up to 150,000 pairs of twins, as well as small, but growing, collections of less than a hundred pairs. The existing or emerging population-based registers, such as those in Scandinavia, Italy, Korea and Sri Lanka, are of extreme value for epidemiological research owing to the lack of ascertainment bias. In some countries, the sampling of pairs of twins is based on computerized population registers, either by using direct information on multiple births or by applying complex filters including sharing of date of birth, family name at birth, place of birth or partly sharing identification numbers. Norway, which has one of the largest twin collections, established a computerized twin register in 1990, but a traditional nationwide archive of birth register was established by the 'Act of Castbergian' as early as 1916. In the absence of government address records, substitutes such as drivers licence records are being used to trace twins. But unbiased population samples can be obtained using local or regional rather than nationwide approaches, as has been shown in Sri Lanka where hospital records of the main maternity hospitals were used as a source of information on twins. In all cases, 'real' twins have to be distinguished from a larger subset of 'potential' twins, as sharing the name of their mother and their date of birth might occur by chance 49 . Other twin collections are gathered independently of centralized records and therefore depend more on the motivation of the twins or their parents. Recruiting twins through advertising of twin studies has been used in some cases, as well as through mass-media articles on twins and twin research, in which information on major achievements were combined with continuing studies and contact information. These approaches have been surprisingly effective, and the possible effects of bias in such non-randomly ascertained samples can be dealt with efficiently by statistical methods 50, 51 . Many researchers have started to realize the value of large data collections for molecular-genetic studies and have begun to include siblings, parents and offspring of twins in their research projects.
Running the registers.
Recruiting twins is only the first step in running a twin register. There are many processes that are involved in breathing life into such a data collection. Keeping addresses up-to-date, maintaining contact with and motivating twins are continuous tasks. In this respect, twin registers face the same problems as other large epidemiological collections, except that the chances of re-establishing contact are almost doubled owing to the family-based sample and the close relationship of most twins. For all the main registers, rules for starting new data collections have been developed. All the registers included in this overview are open to collaboration, provided that scientific review confirms the merits of a research molecular-genetic studies, as was recently shown. A pair of MZ twins that were discordant for Van der Woude syndrome (VWS) helped to identify the interferon regulatory factor 6 gene (IRF6) as the locus that is responsible for the syndrome. Subsequently, the same mutation was identified in 45 unrelated affected families 43 . Twins might also offer specific advantages in genome-wide genotyping, such as linkage or association studies, to map QTL. DZ twins are siblings of the same age, so for traits that change with age, this fact will decrease variance and therefore increase the power for linkage studies. Twins are also matched for a broad range of pre-and postnatal factors and are more likely than other siblings to have the same father. The value of combining linkage analyses for Mendelian traits in large pedigrees with twin-based QTL linkage was shown in mapping a cholesterol-lowering gene, known as CLG (or MMP1) 44 . The mapping of this gene to chromosome 13 was based initially on a single Arab pedigree. The subsequent linkage study in German DZ twins not only confirmed the locus, but also added information on the relevance of the as-yet-unknown gene by showing its influence on lipid levels in the general population.
Of course, MZ-twin data do not contribute towards detecting linkage, as MZ twins share all their genetic material, being identical by descent. However, analysing MZ phenotypic data simultaneously with the linkage data in DZ twins and sibling pairs makes it possible to distinguish between the effects that background genes and a shared family environment have on the amount of familial variance that is not accounted for by the QTL.
Risch and Zhang 45 have proposed that stringent selection of extreme discordant and concordant (EDAC) pairs might be the only reliable strategy for QTL mapping in humans. Large registers of twins (see next section) contain the phenotypes of thousands, sometimes tens of thousands, of twins and their family members, and are a suitable source of families that are informative for linkage studies. Several such QTLmapping projects are now under way. For example, the genes that influence neuroticism and depression are sought in selected samples of twins and their siblings [46] [47] [48] . DZ twins are used to ensure that extremely discordant pairs are not selected because of age differences between them. For ordinary sibs, age differences might be responsible for large phenotypic differences.
Twin registers worldwide
Getting off the ground. Many of the current twin registers (TABLES 2, 3) are spin-offs from specific research projects, usually in psychology or medicine. For example, the East Flanders Prospective Twin Study, now among the most comprehensive collections of perinatal twin data, started after the observation of lower degrees of intra-uterine hypoxia in second-born twins. The Berlin Twin Register started as a study on the genetics of blood-pressure regulation during mental stress. Once scientists gain experience with twin research, they usually realize the great potential of such studies that extend beyond the original question and the necessity to 'nurse' www.nature.com/reviews/genetics R E V I E W S Data collection. Administrators of most registers maintain contact with the twins and their family members through Web sites (TABLES 2, 3) , by sending out newsletters and through mailed surveys. Even DNA samples have been collected by post -for example, DNA from buccal swabs has been collected in this way 52 . The data collection by mailed questionnaires has led to some very large data sets. For example, Lake et al. 53 analysed data
proposal, that there are no ethical concerns and that funding is available. Basic funding is typically provided either nationally by the National Institutes of Health in the United States (or equivalent funding agencies elsewhere), or internationally, such as by the European Community. Specific studies on twins are funded by the same grants as are other medical and psychology studies. Grow-2-Gether' in New York (TABLE 3) ). The determination of various phenotypes across various regions of interest in the same twin cohort greatly adds to the value of the data collection by allowing multivariate study designs. Traits such as eating habits, addiction or coping with stress are related to various health measures, based either on underlying common genetic or environmental influences or on direct effects. Twin methodology is suitable to disentangle this complex relationship, given that the relevant measures are available.
The value of a twin register is not so much determined by the existing database as by the ability to go back to the twins to add information about the phenotypes in a hypothesis-driven manner. Any finding leads to new questions, and genetic research is no exception to this rule. Finding a disease-relevant gene leads to the question of the physiological pathway in which it acts and the subsequent need for related physiological measures, known as (endo)phenotyping. Most twin registers operate in a longitudinal way, establishing a continuing relationship with study participants, which allows the researcher to go back to interesting families to collect additional data, including DNA samples for moleculargenetic studies. For several registers, longitudinal data collection -for example, to study the development of childhood psychopathology -is the main focus of the endeavour, and twins are recruited at birth or shortly afterwards. The East Flanders Prospective Twin Survey registers twins at birth and is unique in that it determines zygosity and placental information on all twins. Data collected throughout the lifetime of the twins offer unique opportunities, provided we can develop new statistical strategies that take advantage of such data.
The range of phenotypes that are available in the existing registers covers many kinds of behavioural and clinical trait. A more-detailed description of the registers, the samples of twins and twin family members, and the phenotypic data collection, are available in a special issue of Twin Research 56 published in October 2002, which is devoted to twin registers worldwide and from which TABLES 2, 3 are abstracted.
Conclusion and prospects
For multifactorial traits (such as body height and weight, neuroticism and blood lipid levels) and complex diseases (such as obesity, depression and cardiovascular disease), twin studies have shown that genetics contributes significantly to the variation that is seen at the population level. Many of these traits and diseases are now on the increase in large areas of the world and are influenced by risk factors that include diet, smoking and lack of exercise (see, for example, REF. 57 ). Although these 'lifestyle' risk factors that are important for the development of complex diseases are often considered to be 'environmental', they might themselves be influenced by genes. Twin studies have been useful in assessing the extent to which variation in lifestyle and healthy behaviour might itself be heritable. In fact, recent twin studies provided considerable evidence that 'lifestyle' risk factors aggregate in families owing to shared genes, in from more than 45,000 twins and their relatives on neuroticism, which is a strong risk factor for the development of depression, and concluded that familial resemblance for this trait has a simple genetic basis. Because of the large data sets that are available, it was possible to reject alternative models for familial resemblance, such as cultural transmission.
Although sample size is clearly important in genetic epidemiology, there is sometimes a pay-off in the amount of data that can be collected through questionnaires and large-scale survey studies, and the scope or depth of phenotypes that need to be collected in laboratory settings. To study the genetic basis of disease, intermediate phenotypes often need to be determined in more extensive and costly studies. The selection of subsamples can be based on random selection and also on previous phenotyping from the larger registers (as, for example, in the Australian (TABLE 3) or Scandinavian (TABLE 2) registers); alternatively, smaller twin cohorts can be collected for specific studies. The Register of Italian Twin Athletes, or the Study of Growth Before Birth and Adult Health (TABLE 2) are good examples of successful in-depth studies on a small scale.
Centralized health databases that exist in some countries greatly facilitate efficient data collection. Finland and other Scandinavian countries have centralized registers for hospital discharge data and for fully reimbursable medications. This information is accessible with a unique personal identifier that is given to each individual at birth. This allows record linking for all twins without any self-selection as potential bias. Personal identifiers of twins are used as a query filter for the health databases, and matching records can then be transferred into the twin database. This strategy was successfully used by Lichtenstein et al. 54 to obtain heritability estimates for 28 anatomically distinct types of cancer. The authors combined data on 44,788 pairs of Swedish, Danish and Finnish twins and found that genetic factors only make a minor contribution to susceptibility to most types of neoplasm. (However, Risch 55 argues that, for some cancers, the data are compatible with a much larger influence of genetic factors.)
Unique features of individual registers. The behavioural measurements collected for twin registers range from questionnaire-based personality traits that are catalogued in many registers, to standardized psychiatric interviews obtained by telephone and behavioural responses recorded on video during real-life situations (such as in the Bielefeld twin studies, TABLE 2) . In studies of young and adolescent twins, substantial resources are devoted to developmental studies of psychopathology and substance use and abuse. Clinical measurements can be collected and include diagnoses, as well as specific measures such as bone density (as in the St Thomas twin register in London) and magnetic resonance imaging scans for cardiac function and morphology (as in the Berlin register) ( 
R E V I E W S
The value of large, unbiased study samples that are needed to verify the role of the genetic variation that underlies common traits is well recognized. As pointed out by Thompson 64 , we have now moved into an era in which genotyping is relatively cheap and fast, and the main cost of a study of a complex trait involves family data collection and trait phenotyping. This view is reflected in a recent decision by the European Community to fund a large integrated project called GENOMEUTWIN. The six participating twin cohorts, addition to the shared environment. For example, twin studies have indicated that differences in eating patterns 58 , alcohol use 16 , smoking initiation and persistence 59, 60 , sports participation 61 and even religious beliefs 62, 63 might all be influenced by genetic variation. Heritability for a particular disease might therefore reflect the direct influence of disease genes, the influence of genes that are responsible for variation in lifestyle factors or the influence of genes that modify the influence of lifestyle on disease risk. on the level and reliability of the collected clinical phenotypes, as well as lifestyle factors and specific life events. Initial 'proof-of-principle' genome-wide genotyping efforts will be targeted at 10,000 twins and will look at stature, body mass index, coronary disease and migraine.
Twins and their family members are often enthusiastic participants in research studies. The increase in the twinning rate that is now seen in The Netherlands and other countries 65 ensures the viability of the application of the classical twin design in genetic epidemiology and in medical, behavioural and psychiatric genetics.
from Scandinavia, The Netherlands and Italy, form an amazing collection of more than 0.6 million pairs of twins. More than 30,000 DNA samples, accompanied by informed consent for genetic studies of common diseases, have been collected from these populationbased twin cohorts. Combining the data from the main twin registers of Europe will integrate the efforts of the leading genetic and epidemiological researchers in the field of twin research. In this research project, epidemiological and phenotypic data collection will be integrated, and special emphasis will be placed on quality control of the data to be entered in the databases and
